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Abstract 

Stzpe-rconducling dipoles and quadrllprdes for misting BCCPICIR- 
hrs have a coil surrour~ded by an icon shield ‘Thr ehicld linl- 

ith Ike lringe Ml 01 the magncl wliilc having mittimnl dTect on 

lhc lield rhnpe and prox-icling a small rnhanccmer~t, 4 Lllc lirld 

slrrnglb. Shicldr owing supcwonducling nmtcrials can bc thiw 

ncr und ligblrr and will not cxpcrirncr the potcnlial of a large 

dr-rml,cring Iorcr. H~~~~~~dar~ condi!Gons Ior lbesr malrrials, ma- 

tcrinl propwtira. mwhanical fwcr considerations, crynslal, consi& 

orations and mm jpossiblc gcomrlrical wnfigurations h super- 
conducting shields will lx dcscribwl. 

1 Multipoles with Cylindrical Shields 

rhc magnelic &Id prodwed by a mnltipolr coil within n cylindri- 

cal iron shirid is rsbjccl to analysis by image melhods. The fields 

and rwlling Iorres arc analyzed by Ilalhack [I]. The resulting 

formulas will apply to (hr case will, a diamagnetic shield by an 

appropriate chnngr oi sign. For dipoles, we find lhat the Md is 

givrn hy 

Q ~= &(I t(g),) (1) 

WIICIP X is Ihe shiplrl radius and a lhe coil efTectirc radiur and 

the plus sign applier IW a ,,dect krromagnetic: rhicld. C&r 

approaches to shielding desigu can be found [ZI [O] 

When a supcrconducling coil is surrounded by an iron shell 

there is z. well knowu de-centering iorcc between the coil and the 

shell. This is al conridcrablc significance in desigrl oi cryostal 

systems since the allowance for an imperiect alignment requires 

the cryostat to sithsland Ihe iorccs gcncratcd. Ii lhr iron shield 

is to be held al a diflcrcnl tempe~alnrc lhan Lhe coil. the ability 

LO reduce the cooduchn belwrcn thr lwo parts will be limilrd by 

the requirement to supporl de~ccnlering rorcrs. Since the image 

currenl is in the ~cvcrsc dirrction lor the diamagnetic shield, an 

~ker~ki ~4 fill cxperiencc a restorirlg lorcc rather lhnn a de- 

ccnlering one. The magnitude oi lhese iorces was calculated by 

llalbach [I] to be 

f =: g,,(N + I)ff’p 61 (2) 

ior the case in which iron s.uuraliou cflecls are ignored. This 

iorce is large in proporhm lo the whancement rough1 irom 1h.z 

irw shield. 

2 Superconducting Materials 

111 Table I we lisl mmc oi the materials which might be consi& 

rrcd ior magnelic shielding applications. We note that successful 

‘“,>cn,cc, by ,hc ““ivcrrilics I<ese.rch nast.cinlion ll”&l ConllnLl “al 
ttw I!~ s. “cpn.lnlrn, or Energy 

Table 1: Some Superconducting Materials 

Material ‘rw”pP’“lurr udd r.xd 

Niobium 4fc 0.2 T 
NbTi 4K 51‘ 
Nb&n 1°K ST 
High Trmp SC 2” - 70K 0.2 T 

magnctr hnw been constructed with NbTi but that the cost ol 

101is malerial is fairly high so its use would be restricted to appii- 

cations in which this design provides some essential new leature. 

Purr Niobium he.6 the advantages asocialed with Type I ruper- 

conductors: no flux penetration at all. This has been utilized in 

sbiclding lubes in the parl hut is limited to relatively low fields 

even al helium tcmpcraturcs. YbpYn has been difficull to we in 

magncls but as a shield. its mechanical limitnlions may be more 

easily wcr~omc. In addition, it may be possible to use it at a tcm- 

pcraturr near 10 degrees which could bc suilable for Ihe lhermal 

shield laycr in a low temprralurc cryostat. The possibilities for 

utilizing Ihe new big11 Lcmperature ruprrconductors is more spec- 

ulative but more excitillg. It seems clcac, ior materials currenlly 

under devclopmenl~. lhat lheir magnclic shielding properties at 

nilrogcn kmpcratures arc not interesting. tloaever, il is quite 

possible lhal intererling shielding properties could be obtained 

at lcmperalures of 20 lo 30 degrees where intermediate tempera- 

ture thermal shieldr are wry iavorably designed inlo existing large 

magncls 141. r\s developments continue ior high lemperature SW 

perconductors, olhcr altrrnalives may be derelopcd. 

Consider a circulu cylinder oiseperconductor aian appropriate 

lenglh and radios. Tbe currenl required lo shield a given magnetic 

field can be calculated by assuming that a current density J. is 

carried within a thickness w near lhe surface of a superconductor 

al which the magnelic field pnrallel to lhe surface is LI. Utilizing 

the tusual Ampex’s Law integral WC find 

“, = D 
lI”J, (3) 

For NbTi and Nb>Sn WC will take a value of 2OOOA/mm’ 

(2 x 10*.4/m2) while for Ihe h’gl , I t em erat,nre malerials we will p 

assume 100A/mm’(10”A/m’). Thus a shirld using Nb,Sn ror 3 T 
weld require 1.2 mm oi malerial while it rvould require 1.5 mm nl 

lligh ‘l’empcrnlure malerial ior sbiciding 0.2 T. Since the current 

carrying capacity of ruperconduclor improver when il is shielded, 

the outrr porlion oi Lhc shirld layer may be more clTcctivc, milking 
,.. I^, 

!.Innurrri,~l rrrr>re.l srplrnlbcr 2,1. 189” 11115 CslllnatC CO”SCl\‘~UVC~Lli 
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Tablr 2: Some Fields and Radii in Ihe ElTectivc R,adiur Appmxi- Collider Ostector with Oipole Rnalysis Magnet 

I) coil a ~(2 ‘rj 

Dipoles 

ST 4 cm 1 cm 

R ‘T 4 cm R cm 

I3 ‘T ‘lrm I”C,” 

Quads / 

fiT .I cm 5.7 cm 
Xl 4 cl” 6.3 cm 
13 ‘T 4 cm 7.5 rm 

mnpenramn Inalyrlr C..p.“*~tt0. 
R(0.2 T) OQLYlC olpols olpols 

.f -L- 

22 cm 

23 Cm 

32 cm 

IL1 cm 

IS.7 c,,, 

16.1 Cl” 

3 Magnet Configurations and Fields 

1:ear ;I nwllipolr magnd of syrnmrlr~ 2N (N-l is a dipole) WC 
knrm that a6 wc mow onlward away horn the coil the field is 

co,,~,,,c,~,~ dominated Iby the Ioaert order harmonic compo,,rntL 

1~7 &signing a, rhirld. we will Iw satiakd \viLb such ringI<, term 

cxl~allsions (‘rhr I~robt~m is to s&d a ~hl drcctivr mlius.) 
‘lhc prnk firId al radius R i5 given by lhe fornn~la 

” = n”(;y+ (4) 
~vherc 0, is not wry difkrcnt than the field at Ihe cllcclive radius 

a. 11, Tabtr 2 WP ill,,rtr~~I.r a hv intvrrrl,ing CORPS. 

\\‘ith tbeec numbers in mind, WP ruggrrt lhrce appliculions in 

which a rnperconducting sbicld may oflrr impnrlanl advantages 

over an iron shidd. 

For very high fidd amh~rator dipoles, one c:an avoid t,hc dc- 

centwing force, 11,~ weight (which impacts Lhe cryostut de- 

sign) and nun-uxliiorm firId ala saluralcd iron Aicld by “sing 

a superconducting shrli. The fcld enbancrmcnt from an iron 

shield will be a rrtalivcly smalteradvanlage than fur magnets 
which provide ,1-G Tcsla L+ls (wc section on dipoles). 

For qaadrupoles in a p-p collicli,,g Iwam c~lli&m rcgiun. ar 

the lrans~~rw reparation betwvren orbits dCcwaw$ wc musl 

choose belscen quadnnpolcs wbicb are nearby bul indcpew 

dant and a shad qoadrnpote (large aprrtnrc). Thr iron) 

required for shielding a quadrupole pair which produces 2 

1‘ at Ihe iron surface is likely to have a lbickness of sev- 

mat c,n whereas we have suggested above that a Iew mm ol 

.Vb&‘n might provide the same shielding. Thus, one may have 

qeadrnpoles with equal strength and aperture Ibet smaller 

orbit LO orbit separation using superconducling rhictds. For 

quadrupaies, one cannot achieve a substnntinl field enhance- 

n,tmt with iron (or decrement with sepcrco,,dsclor) because 

the field naturally falls with radius more quickly than for 

dipoles. 

II B colliding detector is to be based upon a dipole lirld, one 

will need a compensating dipole within the straight seclion 

to cnncel Ihe dipole Ibcnding ol the delector. Tgpicni large 

aperture experirnenlr wilt wish lo exploit all of lhc available 

angular regions LO took for parlictes. WC illuslrate t,bis wit,b 

Fig 1. Tbe angular region 4 Iblocked by the compcnsalivg 

dipoles is determined by their ovemIt radius R and dislancc 

e BB”d flngte 

Q nlnlm”m II~t~ctDr nng,e 
6 Iearn owr.1 ,wnn amlytll dIpme Of” 
L O~tectDlapan,e”g,h 
A Compantaflm olpols UacYYm can Radlur 

6 = El 1 = ((3 icp) R 

Figure I: Compensalion Dipoles for a Collider Detector with 

Dipole ,\naiysis Rlagnel illurlrating the advantages of small over- 

all mngncl. radius a~bic~rd with a Supercondncling Sbicld 

from the inleracliou point L giving 46 = R/L. Assuming 
thirl lhc analysis dipole tn~nst uperille at fields from zero Lo 

its rnaximnm, the beam pipe must be clear for a radial dis- 

1.oncc 6 delcrmined by tbc diSlancc L and the bend strength 

,f/?dl or the analysis magnrlL hlirintaining a smell 6 allows 

the experiment to cxaminc particle decays very c106e lo tbe 

intcractior point. Reducing Ihe overall radius R of the com- 

prnsating dipoles will allow one to reduce the required beam 

pipe size in the detector. Tbr corl or providing a supercon- 

dnding shield id 1 K may bc it <wry dcsirat~lc tradeotT in this 

silnalion. 

4 Effects of Shields on the Maximum 
Field in Superconducting Dipole 

Magnets 

As discussed above, a supcrconducling magnet design will realize 

an enhanced field al a fixed current by adding an iron shield. At 

the maximum current lor which the iron is unsaturaled, it will 

add about a Tesla to the central field of a dipole. A perfect SW 

perconducling shield uf lhe same radius will result in a similar 

decrement to the field. liowever, ignoring the co& of power sups 

ply changes (amalt), Ihe proper comparison 01 swh designs is at 

the point lor each design lor which the coil reaches its current 

carrying limits. A suitable way to explore this is shown in Fig 2 

in which we show the body field (solid diagonals) and maxirmmn 

field at thccoil (dashed diagonals) for three magnet options. Each 

has +B coil wilh inner radios ol 3.5 cm. \\‘ben rcquircd, the shield 

11~s in inner radius ol 9.624 cm. The three cases include an iron 

sbicld (aw~med unrahnratcd), no ski&l, and a superconducl.ing 

shield. ‘WP snrpercouductirng cable properties al either 1.8K 01 
4.X/( are shown by rhc cbaracLc&ic lines which cross the Magi 

net load lines. These are calculated wvitb a program bared on Lhe 

model of Orcen[S/. Tbe coil and shield designs arc lrom a bigb 



current (KA) 

Figure 2: Operating I,imits lor S~~l~~~ro~~d~~~:Liog Coils. hlagncl Ilody PieId Load Lines (solid) and Load l,incs lor Coil lligh Field 

Points (dasIwd lines) and Nb’/‘i .~~~l,~“.~~~~~i~~~l~,r (:I~;~r;~~l~~risl,i~s al sI.R5h’ ;aud l .HK arc shown for l.hrw roil/rhicld rombinalions 

Tablr 3: Comparison ol Iron and Superconducting Shields for 

Dipoles 

Iron Lo Firld SC Shield 

Shield Shield (Ili Field) 

Shield Radins 9.6 cm large 9.6 cm 

Cablr limit in Coil (,l.XK) fi.30 kA 7.23 k,\ 8.50 kj\ 

Resulting Field al Coil 7.64 7 7.18 T 6.5,, 1 

Corresponding Ilody I’irld i.13 1 6.58 T 5.8,1 ‘r 

Relative Field Strengths 1 0.926 T O.R26 

Cable limit in Coil (1.8h’) 8.36 kA 9.63 k4 11.39 kA 

Resulting Field at Coil 10.14 T 9.56 T 8.76 ‘r 

Corresponding Rody Field OAfi T 8.76 7 7.~2 3- 
Relative Field Strcngl~hs 1 0.922 0.818 

Rcl. Strength(Constant I) 1 0.816 0.634 

field dipole derign[6]. Some numerical results corresponding to 

Fig 2 arc shcrwn in Table 3. 

Tbcse results arc obtained from an analytic calculation of the 

fields, assuming unsaturated iron (thus the slraigbt load lines). 

The magnetic field cnhanccment lrom thr iron ol eonrlonl current 

is the large Iactor expected (in fact, very large, since the shield 

radius is snm.11 enough that EYC~ al 1.11~ 2.35/i operaliou, l,be iron 

shield will be ratwaled. The extrapolated enhancemrnl lor l .SK 

operation is very optimistic). Ilowevcr, Lbc calculalcd enhancc- 

ment when taking into accounl 11~ conductor pwpwtier, is only 

aboul 8% wbcn ~:ompnred lo a shidd al largr radius and only IS% 

when compared to a high field shield (only required whro seeking 

minimum radial alxxture). A superconducting rhicrld a~ a radius 

corresponding to the outside iron radias will haw a load lint with 

slopr slightly shallnwrr than the “,,<I shield” case shown. ,\ c~?Ic,,- 

lalion which acccmnlr Iur the saturated iron will show romcwhat 

less enhancement at 4.35li nnd much ICIS enhancement at l.RK. 

\,I:= note that lhe superconducting shields will not resull in any 

change in lield shape (harmonic contrnt) due to saturalion, unlike 

saturated iron shields. 

In Fig 3 we illustrate the sort of geometrical dilTerences which 

a. superconducting shield permits for design of an accelerator 

dipole. The dipole with iron shield which is illustrated is typicnl 

d thr SSC gcneralion <,I& heal leak, Ad irOn superconducling 

dipdrs. (Using a high field sbirld permits a very compact design. 

Superconducting shells which shield 1 or 2T could be used in a 

&sign with ibis geometry. Such a geometry would provide adc- 

quate space ior the coil packagr to be cooled to 2K with the sbcll 

b&l bclwee~~ 4K ar~i Iuh’ if that wx desired for a very low tern- 

pedm design. The low field design ill~trate~ the use of 0.2T 

superconducting shells. It is nearly as large is the designs with 

Iron shields, but the weight and magnetic pr~pdie~ will have lbe 

diflerences outlined abox. 

5 Cryostat Issues 

Since the weight involved will be 1 to 10 times less far supercon- 

ducting shields t,han in comparahlc cases with iron shields, and 

since lhcre will be no de-centering forces, lhe cryostat can be re- 

optlmlsed to utilize this as an advantage. The design shown for 

a low field shield aIIows a large radial distance, such that the 

cryostat design can br complelcly dillerent than the folded posts 

which are needed to support the large iron mass. It may be possi- 

hle to take advantage of I& lower weights and large radial space 

lo crcatc designs in which the heal path can include long longi- 

tudinal distances as well as long radial ones. The much smaller 

CW.SS d C&I (hciiurn t~rnp~~at~~) m~kd~ may ~VXC to be an 

very importanl opcnlional advanta,gc of superconducting shields. 

6 Superconductor Issues 

Scwal issues which might br nl concern need to be addressed lor 

this system and should bc cxamincd in any proposed test. First, 
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uldike Type I materinls, Tytw I I s~~percon,tectors can allow flux 

pmrtmtion. This design presumer that one CR” avoid serious Ilox 

leakage hy a sailnblc cttoice of materials and a sulficienlty cow 

scrvative shield thickness. lJeyo”d thin quasi-stalic rtescriplio”, 

one also experiences flux creep phenomena in Typr II supercow 

declors. ‘These cffcctr havr prnved lo Ibe significaltt in acwlerator 

rlip”lcsl7)j8). The flax rrecp rllrctr “11 1,l1c rlomi”ant field are ““1 

imporlrmt (not ye1 observed) whereas the clfects “I tlox crrrp 0o 

field clistorl.ioos (scxllltrcde awl dccapolc wr~rs) have bcc~~ sig”il~ 

icanl. HWCVC~, for a large radi~5 sbi~ld, e”y firhi shape drd6 d 
llua creep will be wry small. 

SIII’er”“t,dilcl.ing rhiclds are also subject 1” lhr Rux jur”p 

instahilily[9]. This considcrat,ion will likely demand thal the 

shield he constroc-ted with R scrirs of layers W,,“IP thickness is 

prescribed by 1,hc heat co~~dw~liul~ a”d capacity “I lhc sup~:r~:r~~w 

ductor and the host metal ill \r-hick it is rmbcddcd. 

u %ll. -1u Irrn 5bl.Id 

0 
0 Kc8 

m11 01th “l#P ,,,,d ~~P*m.d..ll~p Sh,,,d 

Figore 3: Comparison of Cross Sections for Dipoles with Iron 

shields and with high or low field Supcrcondocting Shields. The 

coils showy bavc 4 cm rliamrlcr a”d the largrr vacuum shells have 

a 61 cm diameter. ’ 

7 Conclusions 

nc p”hsibility of a set~~~~o~~~lllcli~~g 6hi&l for arcclcralor dipotc 

nud q”arlrop”le “lagsets has been Pxplored. \\‘c find 1 hat 1,hc de. 

centering i”st.l,ilily ilss”ciate#l \Ci(,I/ ir”,, shiPIds is ar”id<!rl by t,,e 

strong diamagnct.ic shield. I” addiliw, lhe shield cau be much 

thinnrr, crrcllpyi”g lcsc radial sI)RC? iu lhr cry”sl,al,. \\:r rerl,gniee 

l,lmt by av”idi”g the weight and decentwing forces of the iron 

shield, we ca” rc-optimize t,br cryorlal design and substantially 

reduce the mass wkich murl he cooled to helium temperalures. 

Promising a~ppliculions in which these advantages are important 

have Ibee” identified: 

I. Ipp Collider Inlorilctir~n Region Qadrupoles 

2. Corrertor Uip”lcs lor C”llidrr Detectors 

3. High Field ,\ccolrrator Dipolrs 

Perhaps lhis will prove 1,” be R practiczd nre for the new high 

lrmpcratllrr s,,p”rcon,l,,ct~,rr. 
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